We present ultrafast dynamics of solid-density plasma created by high-contrast (picosecond contrast ∼ 10 −9 ), high-intensity (∼ 4 × 10 18 W/cm 2 ) laser pulses using time-resolved pump-probe Doppler spectrometry. Experiments show a rapid rise in blue-shift at early time delay (2 ps-4.3 ps)
I. INTRODUCTION
The advent of high power, femtosecond lasers has made study of laser-plasma interaction more accessible in the laboratory [1] [2] [3] . When an ultraintense, femtosecond laser pulse interacts with solid matter, it produces high temperature, near-solid density, plasma 1, 2 . Understanding the physics of the laser-plasma interaction process is very important not only for the study of extreme states of matter but also for the development of table-top X-ray and THz sources and novel sources of electrons, ions and positrons 1, [4] [5] [6] [7] . The hot, dense plasma created via different laser absorption mechanisms 8, 9 evolves on an ultrafast timescale. It is very important to know the temporal evolution of the plasma density profile during a laser-plasma interaction in order to gain a better understanding of the interaction process 2,10 .
Very little work has so far been done to explore ultrafast plasma dynamics [11] [12] [13] in the relativistic intensity regime (>10 18 W/cm 2 ). At relativistic intensity, the main femtosecond pulse is typically preceded by a * Electronic address: grk@tifr.res.in longer pre-pulse 14 , which is intense enough to create a pre-plasma at the target front-surface. So, intensity contrast (ratio of pre-pulse intensity to main-pulse intensity) is an important parameter in laser-matter interactions. Nowadays, laser intensity contrast has been improved significantly [14] [15] [16] . Many experiments carried out with lower contrast lasers have been revisited with improved higher contrast laser pulses [15] [16] [17] [18] [19] but study of ultrafast laser-plasma dynamics with higher contrast pulses is mostly unexplored. Previous studies of ultrashort laser-plasma dynamics at relativistic intensity have been performed with comparatively low-contrast lasers 12, 13 .
With a higher contrast laser the interaction process is expected to be modified significantly due to the reduction in pre-plasma formation, since the previously observed dynamics takes place in the pre-plasma region. For this reason studying laser-plasma interaction hydrodynamics using these cleaner (higher contrast) pulses is crucial to gaining a comprehensive understanding of high intensity, short-pulse laser induced plasma dynamics.
In this paper, we report pump-probe Doppler spectroscopy experiment carried out with a high contrast (ps contrast∼ 10 −9 ) laser at relativistic intensity (∼ 4 × 10 2 W/cm 2 ). Here the plasma is created by an 800 nm, 30 fs pump pulse focused onto an Al-coated BK-7 target.
A time-delayed second harmonic (400 nm) pulse is used to probe the plasma. High-efficiency production of protons usually relies upon the interaction of an extremely high contrast laser pulse with a thin foil target 22 . Since the proton production foil in proton fast-ignition is located near the tip of the interior of a hollowed out cone, which itself is inserted into the side of an ICF capsule, the use of side-on probing is completely ruled out. Laser-produced proton/ion experiments with applications to medical or security imaging Hz repetition rate. The picosecond intensity contrast of the laser pulse was ∼ 10 −9 (shown in figure 1(b) ). The shows three normalized reflected probe spectra at different time delays for comparison. These show a very small red-shift and blue-shift compared to the reference spectrum (measured at zero delay ) at 1.3 ps and 4.3 ps respectively. In order to measure the small wavelength shifts more accurately, the normalized reference spectrum is subtracted from all of the time delayed reflected spectra (normalized) and each curve is referred to as a difference amplitude curve (some such are shown in figure 2(b) ).
For a blue-shift, the difference amplitude changes its sign from positive to negative and vice versa for a red-shift. mine the point at which a target will start to ablate and form plasma, and such small quantities of pre-plasma are not readily diagnosed experimentally.
This result is quite different from the results obtained in earlier studies in the relativistic regime, where initially a large inward motion of the probe critical surface has been observed 12, 13 . Those experiments were done using lower contrast lasers. In figure 4 our result is compared with the result obtained in the earlier experiment with lower contrast (∼ 10 −5 ) laser at almost the same intensity by S. Mondal et al. 12 . Because of the lower intensity contrast the pre-pulse of pump laser creates a pre-plasma and a shock-like disturbance is then generated in this preplasma which then propagates into the target. Thus, at early time, a large red shift is observed correlating to the motion of the shock-like disturbance into the target. In the current experiment using a higher contrast laser there is no significant pre-plasma formation at the target surface. The absence of pre-plasma at the target surface prevents significant motion of the probe critical surface into the target. results of these calculations were used to initialise a 1-D hydrodynamics simulation that enables the evolution of the probe critical surface to be modelled over a duration that enables comparison with the experiment. For the initial front surface both step-like (unablated) and more gradually rising density profiles were investigated. that in order to approach the relatively low velocities observed in the experiment the intensity of the laser had to be reduced by a factor of four. This may be explained partly by the fact that the probe is sampling plasma being illuminated at a range of intensities and also by the fact that in the experiment the expansion will not be one-dimensional, but rather will have a strongly two dimensional nature that will tend to limit the on-axis velocities substantially by comparison with the 1-D case.
Furthermore PIC calculations tend to over-estimate temperatures, which will tend to increase the velocities produced in the simulations as compared to those seen in the experiment. Doppler spectrometry offers a technique that can diagnose plasma formation (or lack there-of) driven by the pre-pulse in a target-surface normal or oblique geometry.
Such a geometry is significantly less constraining on other aspects of the experimental design than the side-on imaging techniques usually employed to diagnose pre-plasma formation.
